TMR from Molecular Probes. Briefly, G-actin (ϳ6 mg/ml) in G-buffer was reacted overnight at 4°C (with stirring) with a two-to threefold molar excess of TMR, dissolved in dimethylformamide. The labeling reaction was stopped with dithiothreitol, after which the sample was exhaustively dialyzed against F-buffer (40 mM NaCl, 2 mM MgCl 2 added to Gbuffer). Any polymerized, unreacted actin (about 5%) was removed by centrifugation at 100,000g for 30 min. The labeling ratio of the remaining TMR-actin was determined from the actin concentration (26) and the TMR concentration, which was calculated from the absorbance at the 557-nm peak with an extinction coefficient determined to be ϭ 1.06 ϫ 10 5 M Ϫ1 cm Ϫ1 . The labeling ratio was always between 0.9 and 1.0. 23. Crystals of TMR-labeled rabbit skeletal actin were obtained at 20°C by hanging drop vapor diffusion. In a typical experiment, 2 l of TMR-actin (6 mg/ml) were mixed with 2 l of a reservoir solution containing 22% polyethylene glycol 2000 monomethyl ether, 10 mM tris ( pH 7.0), and 200 mM calcium acetate. A series of seeding experiments on sitting drop plates is usually required to obtain crystals suitable for diffraction. Data collection was performed at 100 K from crystals frozen in propane after addition of 13% ethylene glycol to the crystallization buffer. Two data sets were collected at IMCA-CAT beamline 17-ID and BioCARS beamline 14-BM-C at the Advanced Photon Source, Argonne, IL ( Table 1) . The data sets were processed with the HKL2000 package (27) . The structure was determined by molecular replacement with the actin-DNase I structure as a search model with the program AMoRe (28) . The model was refined to 1.54 Å resolution with the programs wARP (29) and Refmac from the CCP4 suite of programs (30) . (2) . These familial disorders and similar sporadic diseases (3) are also characterized by extensive neurofibrillary pathology and are often termed "tauopathies."
The autosomal dominant inheritance in familial tauopathies and the accumulation of abnormal tau protein in all tauopathies suggest a toxic dominant pathogenic mechanism.
To create a genetic model of these tauopathies, we expressed wild-type and mutant forms of human tau in Drosophila melanogaster. Wild-type tau or Arg 406 3 Trp (R406W) mutant tau, an isoform associated with an early onset, familial form of dementia, was first expressed in a panneural pattern (elav-GAL4) (4). The life-span of the flies was moderately shortened by wild-type tau and severely shortened by the mutant tau ( Fig. 1) . Western blot analysis revealed that the R406W 1 transgenic line expressed 0.8-fold less tau than the tau wild-type 1 transgenic line, indicating that the mutant tau was substantially more toxic than wild-type tau. All quantitative comparisons between wildtype and mutant tau in subsequent analyses were carried out with the tau wild-type 1 and R406W 1 transgenic lines. Tau wild-type 2 transgenic flies expressed 1.3-fold more tau than the tau wild-type 1 line. R406W 2 transgenics expressed 1.5-fold more tau than tau wild-type 1 flies. Effects of both wild-type and R406W mutant human tau on life-span were therefore dosage sensitive. Total fly brain homogenate from transgenic tau wildtype 1 animals contained about 0.5-fold less human tau protein per mg of protein than control human brain homogenate, indicating that transgenic animals did not have massive overexpression of human tau.
To determine if early death correlated with neurodegeneration, we examined the brains of tau transgenics. We first demonstrated that the nervous system of our transgenic flies was normal in newly eclosed young adult flies (Fig. 2, A and B) (5) . Tau transgenics were compared with controls for presence and appropriate organization of major projection systems and anatomic structures and for preservation of appropriate cortical cell numbers and neuropil volumes. No abnormalities were detected. The normal histologic appearance of tau transgenic brains in 1-day-old adults correlated with grossly normal behavior of young transgenic animals. These results are consistent with normal development and anatomy of mice transgenic for human tau (6 -8) .
In contrast to the young tau transgenics, aged flies showed clear histologic abnormalities in the brain. Aged flies expressing tau showed obvious vacuolization and degeneration of cells in the cortex (Fig. 2, D to I ). There was also a modest increase in neuropil vacuolization (Fig. 2D, arrowheads) . Normal aged flies showed some increase in neuropil vacuoles with age, although less in extent and size than tau transgenics, even in much older flies (Fig. 2, C and E) . Vacuolar pathology is not a prominent feature of Alzheimer's disease or frontotemporal dementia; however, neurodegeneration in Drosophila is commonly accompanied by vacuoles (9 -11) . Vacuolar pathology may reflect the relatively rapid tempo of neurodegeneration in flies. Quantitative experiments revealed that degeneration was progressive and was more severe in flies expressing mutant tau (Fig. 2E) . All aged tau transgenic flies showed obvious degeneration, indicating that the phenotype was fully penetrant.
We next evaluated the flies with a variety of conformation and phosphorylationspecific antibodies that have been used to detect abnormal tau in disease states. The Alz50 and MC1 monoclonal antibodies recognize abnormal tau conformations present in degenerative disease tissue, but not in normal human adult brain (12) . The phosphorylationspecific antibodies AT8, 12E8, AT100, and AT180 preferentially recognize tau phosphorylations characteristic of disease states. The abnormal conformational changes and phosphorylations identified by these antibodies were all present in brains of flies expressing either wild-type or mutant human tau. Immunoreactivity for Alz50, MC1, 12E8, AT100, and AT180 increased as the flies aged, whereas immunoreactivity for a human-specific polyclonal tau antibody remained constant as the animals aged. No cross reactivity with endogenous fly tau was observed with any of the antibodies in nontransgenic flies. These results demonstrate that abnormal human tau accumulated with age in the brains of tau transgenic flies. Abnormal tau was also concentrated in areas of neurodegeneration (Fig. 2H) . The cortex and neuropil adjacent to degenerating cells and vacuoles commonly, although not invariably, showed localized or increased immunoreactivity for Alz50, MC1, 12E8, AT100, and AT180.
To determine if tau formed neurofibrillary tangles in transgenic flies, we performed electron microscopy (EM). Although degenerating cells were readily identified (Fig. 2I) , there was no evidence of large filamentous aggregates (neurofibrillary tangles). This EM analysis was performed on flies at multiple ages that expressed wild-type or R406W mutant tau in all neurons (elav-GAL4) or specifically in cholinergic neurons (Cha-GAL4) (13). We examined a total of 359 degenerating neurons, representing cells at various stages of degeneration, and found no large filamentous aggregates. To confirm these results, we created transgenic flies that expressed Val 337 3 Met (V337M) mutant tau, an additional mutation associated with early onset, familial dementia (2). These flies showed neurodegeneration and a tau immunostaining profile, similar to that of wild-type and R406W mutant tau transgenics. An additional 159 degenerating cells were examined in V337M transgenics. No large filamentous aggregates were identified. In an attempt to identify filamentous tau, sarcosyl insoluble tau from wild-type, R406W, and V337M transgenic fly brains was prepared and examined by immunoelectron microscopy (14 -16) . Tau-immunoreactive filaments were not identified. In sum, these results suggest that tau-induced neurodegeneration does not require large filamentous tau aggregates. However, we cannot exclude the presence of infrequent neurofibrillary tangles, scattered tau filaments, or small protofibril species.
A key feature of all human neurodegenerative diseases is specificity for particular neuronal subpopulations. We therefore generated flies that selectively expressed tau in cholinergic neurons, which are particularly vulnerable to neurodegeneration in Alzheimer's disease and can be affected in tauopathies (17) . Cholinergic neurons of the optic lamina immunostained with antibody AT8 appeared normal in 1-day-old (after eclosion) transgenic flies expressing wild-type or R406W mutant tau (Fig.  3A) . In contrast, immunostaining at 30 days revealed widespread vacuolization and loss of cholinergic neurons (Fig. 3B) . Similar results were observed in cholinergic neurons of the central body complex (Fig. 3, C and D) . Quantitation of cholinergic neuronal loss in the lamina (Fig. 3E ) demonstrated that neuronal loss was progressive and was worse in flies expressing mutant versus wild-type human tau (18) . Expression of an unrelated protein linked to neurodegenerative diseases, human ␣-synuclein, was not toxic to cholinergic neurons (Fig. 3E ). ␣-synuclein shows relative selectivity for dopaminergic neurons in Parkinson's disease and transgenic flies (19) .
To further investigate the cell type specificity of tau for cholinergic neurons, we used an antibody to acetylcholine to stain cholinergic terminals in flies expressing tau in a panneural pattern (elav-GAL4 ). The number of cholinergic terminals was the same in 1-day-old (after eclosion) control flies and flies expressing wild-type or R406W mutant tau. In contrast, terminal staining was markedly diminished in aged transgenic flies (Fig.  3, F to H) , especially in flies expressing R406W mutant tau (Fig. 3H) . In contrast, no loss of terminal staining was observed in aged flies expressing ␣-synuclein in a panneural pattern (elav-GAL4 ). Similar experiments were performed with an antibody against tyrosine hydroxylase that specifically recognizes dopaminergic cell bodies and processes. No loss of tyrosine hydroxylase-positive terminals was identified in aged tau transgenics. Motor neurons were also relatively preserved in tau transgenic flies (18, 20, 21) .
Specificity for cholinergic neurons in human tau transgenic flies is relative rather than absolute. The degree of histologic degeneration in panneural expressing flies (elav-GAL4 ) exceeded that seen in cholinergic neuron-expressing flies (Cha-GAL4), suggesting that additional cell populations degenerated. Expression of wild-type or mutant human tau in cholinergic neurons did not affect life-span, as did expression of tau in a panneural pattern (Fig. 1) . In addition, expressing mutant human tau in photoreceptors was toxic and produced a rough eye phenotype (21) . The rough eye phenotype has been used successfully in many Drosophila second site modifier screens and may facilitate use of the Drosophila tauopathy model to delineate cellular pathways mediating tau neurotoxicity.
In summary, we have created a Drosophila model of tauopathies by expressing human tau in fruit flies. Our model faithfully replicates a number of features of the human disorders: adult onset, progressive neurodegeneration, accumulation of abnormal tau, and early death. However, we did not see the large filamentous tau aggregates that are observed in human disease and other experimental models of tauopathy (2, 8, 22, 23) .
The formation of large intraneuronal protein aggregates characterizes many neurodegenerative syndromes, including the two most common disorders, Alzheimer's disease and Parkinson's disease. A common mechanism of toxicity has been postulated in these diseases: Large aggregates act either as physical barriers to transport and other essential neuronal functions or have direct toxic effects on cells. Our results argue that, at least in the case of tau, neurotoxicity instead depends on protein alterations that occur before the formation of large aggregates. In flies, neurodegeneration correlates with the abnormal configurations and phosphorylations of tau that commonly precede neurofibrillary tangle formation (12, 24 ) , suggesting that these early modifications are the toxic substrates of tauopathies. The observation that some patients with tau mutations and frontotemporal dementia have extensive neurodegeneration, but sparse neurofibrillary tangles (25) , is also consistent with a dissociation between tangle formation and tau neurotoxicity. Alternatively, the mechanism of toxicity in Drosophila may differ from that in human disease. Drosophila neurons differ from human neurons in potentially important respects. Fly neurons are on average smaller than vertebrate neurons, and they lack neurofilaments. If large cell size, neurofilament content, or other vertebrate-specific neuronal features are required for proper recapitulation of tauopathy mechanisms, the fly model will not be accurate. Although we cannot exclude this possibility, the enhanced biological toxicity of mutant tau, the degenerative nature of the pathology, and the selective accumulation of abnormal tau in areas of neuronal degeneration all argue that the mechanisms of tau neurotoxicity are conserved between flies and humans. Mechanisms of toxicity do appear conserved between human neurodegenerative diseases caused by polyglutamine expansions, such as Huntington's disease, and Drosophila models of these disorders (26 -29) . Given these homologies and a phenotype amenable to rapid screening, the fly tauopathy model can now be used to identify the molecular mechanisms that underlie tau neurotoxicity. 
